The localized surface plasmon resonance (LSPR) properties of Au/Ag/graphene nanoshells are studied by discrete dipole approximation (DDA). The coupled resonance wavelengths show a remarkable dependence on the graphene thickness as well as refractive index of the surrounding medium. The resonance wavelengths of Au/Ag/graphene nanoshells red-shift as the thickness of the graphene layer is increased, when the radii of the Au core and Ag interlayer are 40 nm and 45 nm, respectively. Speci¯cally, the longer wavelength red-shifts from 540 nm to 740 nm when the refractive index varies from 1.25 to 2.05.
Introduction
The strong interaction between light and nanoparticles has attracted considerable attention due to unique plasmonics, which is of great interest to nanophotonics. 1 Plasmonics is regarded as a prospective approach to realize light manipulation on the nanoscale mainly due to the capability of supporting localized surface plasmon resonance (LSPR). In general, LSPR refers to the ability of the conduction electrons in nanoparticles to oscillate collectively, resulting in concentration and enhancement of the electromagnetic energy surrounding the nanoparticles. 2 Owing to their characteristic LSPR, metal nanoparticles have been widely used in biosensing and imaging applications.
Traditionally, gold and silver are the preferred materials in the synthesis of LSPR nanoparticles [3] [4] [5] [6] and both of them possess some merits and shortcomings. Although gold nanoparticles are easier to synthesize and have better biocompatibility as well as long-term stability, silver nanoparticles have advantages such as a more intense absorption band in surface-enhanced Ramon scattering and sensing applications. Up to date, much e®ort has been devoted to the investigation of LSPR properties and electric¯eld enhancement of gold and silver nanoparticles with various structures such as nanospheres, 7 nanorods 8 and nanoshells. 9, 10 Among these nanostructures, the core/shell nanostructures based on Au and Ag have been demonstrated to signi¯cantly a®ect the LSPR properties in combination with other metals, 11 ,12 semiconductors [13] [14] [15] [16] and magnetic materials. 17, 18 As a result of the combined advantages and improved optical response, 19 Au/Ag bimetallic nanoparticles are attractive. The optical properties of spherical Au/Ag and Ag/Au core/shell nanoparticles have been studied by the extended Mie theory in the wavelength range between 300 nm and 650 nm. 20 Xu et al. 21 investigated the LSPR properties of core/ shell nanostructures separated by a cavity and resonance cavity enhancement and new absorption bands were observed due to more interfaces and consequent plasmon coupling. In general, the LSPR spectra of nanoparticles exhibit size-and shape-dependent properties and the performance of nanoparticles can be optimized by controlling their shape and size on the nanometer scale.
With regard to metallic nanoshells, there is a great challenge to tune the operation wavelength due to limitations in modifying the permittivity and core-shell ratio. It is thus important to explore novel active optical materials to promote LSPR excitation. Recently, graphene has attracted much attention due to its extraordinary electronic, optical, magnetic, thermal and mechanical properties. 22 Graphene, a two-dimensional (2D) form of sp 2 -hybridized carbon atoms arranged in six-membered rings, exhibits intriguing surface plasmon properties 23 and whose plasmonic resonance wavelengths are generally located in the range of visible light and infrared or even longer wavelength regions. A large number of studies have been performed for activating surface-enhanced Raman scattering in noble metal-graphene hybrids. [24] [25] [26] However, in spite of these attractive nanostructures, further e®orts are needed to investigate three layers nanoshells with covering graphene outer layer.
In this study, the LSPR properties of Au/Ag/ graphene core-shell nanoparticles are investigated by the discrete dipole approximation (DDA) method. The e®ects of the graphene thickness and refractive index of the surrounding medium on the LSPR properties of the nanoparticles are studied. Moreover, the electric¯eld enhancement contour around the multilayered nanoshells is analyzed.
Theory
DDA is a powerful technique to study the scattering and absorption of electromagnetic waves by targets with arbitrary geometries. 27 Generally, the continuum target can be substituted by discrete dipoles as long as the dipole number N is large enough, whose positions and polarizabilities are denoted as r j and
where d is the interdipole spacing and " j is the dielectric function of the target material at location r j . Analytical modi¯cation in Eq. (1) has been reportedly implemented in DDSCAT, the open source computational code of the DDA method. 28 DDSCAT creates a cubic lattice array of dipoles and assigns to each one a polarizability given by the lattice dispersion relation (LDR):
where andê are unit vectors de¯ning the incident direction and the polarization state, S, b 1 , b 2 and b 3 are the coe±cients of the expansion to the third order in k to incorporate radiation e®ects. The polarization vector is generated by the interaction between the arbitrary point dipole and local electric¯eld E j so that
where j is the tensor of polarizability of the point dipole and r j is the central position. E j consists of the electric¯eld E inc;j at position j due to the incident plane wave and the electric¯eld stimulated by (N À 1) other dipoles is as follows
where ÀA jk P k represent the contribution to the electric¯eld at r j that is due to the dipole P k at position r k , including retardation e®ects. Each element A jk is a 3 Â 3 matrix
where jkj !=c, r jk jr j À r k j,r jk ðr j À r k Þ=r jk , and 1 3 is the 3 Â 3 identity matrix. De¯ning A jj ¼ À1 j reduces the scattering problem to¯nding the polarizations P j that can be brie°y described as a set of 3N complex linear vector equations
Once the polarization P j is known, the absorption cross section of the entire grain is
The extinction cross section and extinction e±ciency can be obtained by the optical theorem (7):
The isolated concentric Au/Ag/graphene core-shell nanoparticle is modeled as shown in Fig. 1 . The Au core and multi-layered graphene shell are separated by Ag interlayers. For convenience of calculations, 1-nm thick graphene is ideally comprised of three single-atomic carbon layers in this simulation. The dielectric functions of the materials are obtained from Palik's handbook 29 and SOPRA N&K database. 30 Figure 2 shows the extinction spectra of the graphene-coated Ag nanoshells. Here, the radius of the Ag core ranges from 5 nm to 40 nm, the thickness of the graphene layer is maintained at 2 nm, and the refractive index (nÞ of the surrounding medium is kept at 1.33. Figure 2 shows that the extinction e±ciency of the silver-graphene nanoshells increases gradually and the resonance wavelength is at approximately 425 nm when the Ag core radius is between 5 nm and 40 nm. It has been predicted by the Mie theory 31 that the resonance wavelength of a single Ag nanosphere is around 370 nm and the intensity of the resonance band increases with the size of the Ag nanosphere increasing. Furthermore, in the case of a small nanosphere (< 40 nm), displacement of charges occurs homogeneously yielding a dipolar charge distribution on the surface. The shape of the silver nanosphere and the associated electron density determine only one proper resonance. The resonance wavelength of the silver-graphene nanoshell is larger than that of a single Ag nanosphere and it is attributed to the contribution of the interface between the silver core and graphene shell. Similar phenomena have been observed from Ag nanoparticles [32] [33] [34] and the resonance wavelengths vary between 380 nm and 500 nm.
Results and Discussion
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In order to investigate the in°uence of the graphene layer thickness on the extinction spectra of multilayered nanoshells, Au/Ag nanoshells comprising the Au core and Ag shell are¯rst considered. Figure 3 presents the extinction spectra of the Au/ Ag nanoshells with di®erent Au core radii. The radius of the Au core varies from 25 nm to 40 nm while the radius of Ag shell is kept at 45 nm. There are two resonance peaks in the extinction spectra corresponding to Ag shell quadrupole resonance of 370 nm and Au core dipole peak of 500 nm attributed to the Ag shell and Au core, respectively. The Au/Ag nanoshell has the strongest extinction intensity at 540.7 nm when the radius of the inner Au core and Ag shell are 40 nm and 45 nm, respectively. The intensity of the dipole and quadrupole resonance peaks decreases as the radius of the inner Au core increases. The dominant resonance peaks of the Au/Ag nanoshells shift towards longer wavelengths when the radius of the Au core increases from 25 nm to 40 nm.
Graphene is considered as an alternative coating layer for Ag-and Au-based LSPR as it has a very large surface-to-volume ratio which is expected to be bene¯cial to e±cient adsorption of biomolecules compared to naked Au. Figure 4 shows the extinction spectra of the Au/Ag/graphene nanoshells with di®erent graphene shell thicknesses. The radius of the inner Au core and Ag interlayer are 40 nm and 45 nm, respectively and the thickness of the graphene shell varies from 2 nm to 12 nm. Compared to the extinction spectra of the Au/Ag nanoshells, the Au/Ag/graphene nanoshells exhibit distinct variations in the extinction spectra. The dipole peak of the Au/Ag/graphene nanoshells is between 550 nm and 660 nm and larger than that of the Au/Ag nanoshells shown in Fig. 3 due to the graphene shells. Moreover, the dipole peak shift (Á) relative to 540.7 nm of the Au/Ag nanoshells in Fig. 3 depends on the graphene thickness for the dipole resonance peaks, as shown in Fig. 5 . Á exhibits a linear relationship with the thickness of the graphene layers and hence, the LSPR properties of the Au/Ag/graphene nanoshells can be tuned by adjusting the graphene layer thickness. In addition, the resonance wavelengths of the Au/Ag/graphene nanoshells red-shift and the extinction intensity of the nanoshells decreases with the graphene layer thickness arising from the large surface area, conjugation structure of graphene, as well as strong absorption of light. 35 The extinction spectra of the Au/Ag/graphene nanoshells for di®erent refractive indexes of the surrounding medium are shown in Fig. 6 . The radii of the inner Au core and Ag interlayer are 40 nm and 45 nm, respectively, and the Au/Ag nanoshells are coated with multilayered graphene with a thickness of 2 nm to form the Au/Ag/graphene nanoshells. The refractive indexes of the surrounding medium range from 1.25 to 2.05 in this calculation.
The resonance peaks of the Au/Ag/graphene move towards longer wavelengths and the intensity of the LSPR peaks increases as the refractive index of surrounding medium increases. The dipole peak red-shifts from 540 nm to 740 nm when the refractive index changes from 1.25 to 2.05. As the inner silver sphere is not in direct contact with the surrounding medium, the sensitivity of the multilayered structure to the surrounding medium depends on the outer graphene nanoshell and the interaction between the outer graphene nanoshell and inner silver core produces the red-shift. Figure 7 displays the contours of the electric¯eld enhancement of the Au/Ag/graphene nanoshells at di®erent resonance wavelengths for a refractive index of n ¼ 2:05. The radii of the Au core, Ag interlayer and graphene shell are 40 nm, 45 nm and 47 nm, respectively. In the simulation, the polarization direction is perpendicular to the propagation direction. At 270 nm, the electric¯eld is concentrated in the region outside the Au/Ag/graphene multilayered nanoshell and Ag interlayer, whereas the electric¯elds in the inner Au core and graphene outer shell are small, as shown in Fig. 7(a) . The electric¯eld enhancement of the Au/Ag/graphene nanoshells at 450 nm is presented in Fig. 7(b) . Owing to the di®erent type of charges on the inner and outer surfaces of the Ag interlayer, there is always a strong electric¯eld in the Ag interlayer. At 450 nm, the electric¯eld at the interface between graphene and Ag is obviously stronger than that of the inner Au core. Figure 7 (c) describes the electric¯eld enhancement with the quadrupole peak at 590 nm. The strong electric¯eld spreads around the graphene outer shell but the¯elds in the Ag interlayer and Au inner core are very weak. The extinction peak at 590 nm originates from symmetric coupling between the bonding graphene shell plasmon mode and inner Ag plasmon. The electric¯eld enhancement corresponding to the peak at 740 nm is displayed in Fig. 7(d) . With respect to the Au/Ag/graphene nanoshells at 740 nm, the strongest enhancement appears on the surface of the outer graphene shell and a few nanometers outward, suggesting the dominant role of the outer graphene shell in the LSPR of the nanoshells. The Au/Ag/graphene nanoshell provides strong near-¯eld enhancement in several regions, especially the near infrared region, and there are potential applications to plasmonics. In order to investigate the in°uence of the outer graphene shell on the electric¯eld enhancement, Fig. 7(e) shows the electric¯eld enhancement of hollow-graphene nanoshell with a thickness of 2 nm and inner radius of 45 nm at 740 nm. It can be seen that the strong electric¯eld is concentrated on the inner surface and outside the graphene shell, which further veri¯es the dominant role of the outer graphene shell in the LSPR of the nanoshells at 740 nm. To compare the optical properties of uncoated metal nanospheres, the extinction spectra of Au/Ag and Au/Ag/graphene nanoshells are investigated, as shown in Fig. 8 . The radii of the inner Au core and Ag interlayer are 40 nm and 45 nm, respectively, and graphene is coated with a thickness of 2 nm to form the Au/Ag/graphene nanoshells. It can be seen from Fig. 8 that the longer wavelength at ¼ 540 nm red-shifts as the thickness of graphene layers increases from 0 nm to 2 nm. The extinction e±ciency of Au/Ag/graphene nanoshells is lower than that of Au/Ag nanoshells, which is mainly attributed to constant absorption capacity of graphene.
In order to investigate the in°uence of outer shell material on extinction e±ciency, the extinction spectra of the Au/Ag/graphite and Au/Ag/graphene nanoshells are plotted in Fig. 9 . The refractive index of the surrounding medium is n ¼ 1:33, and the thickness of the graphite, single-layer graphene and multi-layered graphene are 2 nm, 0.334 nm and 2 nm, respectively. In the spectrum of Au/Ag/multi-layer graphene nanoshells, a longer resonance wavelength exists at 560 nm, whereas the resonance wavelengths are observed at 552.5 nm and 537.5 nm for the Au/Ag/graphite and Au/ Ag/single-layer graphene nanoshells, respectively. The results indicate that the resonance peak of Au/Ag/multi-layer graphene nanoshells are much more distinguishable than those of the nanoshells with graphite and single-layer graphene as the outer layer.
Conclusion
The extinction e±ciency of the silver-graphene nanoshells increases gradually when the radius of the Ag core changes from 5 nm to 40 nm while the graphene thickness is maintained at 2 nm. The refractive index of the surrounding medium and outerlayer graphene thickness a®ect plasmon hybridization and LSPR shifts signi¯cantly and the outer graphene shell plays an important role in LSPR of the nanoshells. Inter-surface plasmonic coupling in the Au/Ag/graphene nanoshell can be tuned by changing the nanoshells, refractive index and thickness of the graphene shells. The Au/Ag/ graphene nanoshells o®er new opportunities to exploit and design plasmonic e®ects have potential applications in optics and biomedicine. 
